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&inr Larrk Mkwrmri 
lbe connexin ~~a~ty~s 
with different conduction 
llesdts. Only MeSSCn 
nexin43 and connaxin45 
By immunohlstochemica 
lElr resistance und 
To de&&e which connexias wsre ke!y to be 
branches stained intensely for conncxia40 and con~exin43 and to 
a lesser extent for connexin45. Atrial gap junctions showed 
abundant staining of connextn43, convex and xin4S. 
Ventricnlar tgap junctions were cha~cte~x abu stnin- 
ing of connexin43 and connexin4S and much less staining of 
connexin4Q. 
C~nc/~~~. Although most cardiac junct~oas cootai~ 
connexin40, connexin43 and connexin4S, ~elat~~~e amoMats of 
these connexins vary consjde~bly in cardiac tissues wit 
t conduction properties. 
(./ Am Cd Ccrrdiol1994;24:112?J2) 
Gap junctions are specialized membrane structures containing 
multiple intercellular channels that permit the passage of ions 
and small malecules between ceils. In the hoart, they connect 
cardiac myocytes and are essential for rapid propagation of 
action potentials (1). 
Intcrccllulat channels in gap junctions are formed by pro- 
teins called connexins. At least I2 different connexins have 
been identified in mammals (2). Several of these have been 
shown to form channels with unique conductance and voltage 
dependence properties (3). Cardiac gap junctions contain 
several different connexins (4,5). The relative amounts and 
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types of connexins appear to be different in cardiac tissues with 
different clectrophysiologic propertics. For example, we (5.6) 
have shown prcvtiously in the canine heart that conncxin40 
messenger ribonucleic acid (RNA) is three to five times more 
abundant in rapidly conducting Purkinje fibers than in more 
slowly conducting ventricular myocardium in which con- 
ncxin43 is predominant. The composition of gap junctions in 
other areas of the heart with diffcrcnt electrophysiologic 
properties is not known. Immunostaining of connexin43 has 
been attempted in rabbit, rat and bovine nodal tissues with 
conflicting results. Connexin43 has been identified in the rabbit 
sinus nodes (7) but not in human or bovine sinus and atrio- 
ventricular (AV) nodes (8.9). Some investigators (10) have 
identified connexin43 in the rat sinus node, whereas others 
(I I) have not detected connGin43 in these tissues. It has not 
been determined whether ccjnnexins other than connexin43 are 
present in these cardiac tissues. 
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Because different connexins form channels with different 
conductance and voltage dependence properties and connexin 
phenotypes differ in some tissues with different electrophysi- 
ologic properties, we hypothesized that variations in the num- 
ber, size and connexin composition of gap junctions should 
result in changes in intercellular resistance to current flow and, 
hence, may be a major mechanism for regulating conduction 
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rotein 
more rapidly. 
The sinus and AV node regions were 
t adult mongrel dogs under 
deep anesthesia induced w ium pentothal. For immuno- 
staining exl~er~~~~cllts the s lde was disscctcd in a tissue 
block that ~~l~ti~ill~~ right ~~tsiMi~~, Fos ~~~~t~~~~~~ 
blot m11yscs, the sinus node was dissected as clctmly as 
p~&k h111 the adjaccut atrial ~USCIC. The SINUS node cot&i 
be ScCIT ~IWiSly 011 tllC cpici~~diill SWhKC ilS il ~KlyiSh strip Of 
?iSSUC -3 . . _ mm in width uud IO to 15 mm in lc~~gtll su~r~)u~~di~~g 
the sinus node artery and adjacent to the atrial muscle of the 
crista terminalis. This str )f tissue was disscctcd and used to 
prepare RNA from the s node region. lis sample con- 
tained the entire sinus node as well as so adjacent atrial 
myocytes and vascular smooth muscle and endothelium. neural 
tissue and fibrous connective tissue. The atrial muscle that 
remained after the sinus node region had been removed was 
also used for preparation of RNA r Northern blot analysis. 
The AV node samples used for reparation of total RNA 
included all tissues within the posterior interatrial space. These 
tissue samples were bounded superiorly by the tendon of 
Todaro, inferiorly by the tricuspid and mitral valve annuli, 
posteriorly by the coronary sinus and anteriorly by the central 
fibrous body. Thus, these samples presumably included the 
cntirc AV node and most of the His bundle as well as contami- 
nating myocardium and nonmyocytic cells from this region. The 
entire tissue block from the posterior interatrial space from eight 
canine hearts was used for RNA preparation and immunohisto- 
chemical studies. 
The protocol used in these studies was approved by the 
Washington University Animal Studies Committee. All dop- 
received humane care in accordance with the requirements oi 
the National Academy of Science and National Institutes of 
Health (NIH publication no. 80-23, revised 1985). 
Northern blot analyses. To determine which of the known 
mammalian connexins are expressed in different cardiac tis- 
sues, total cellular RNA was prepared from the sinus node 
region, right atrial myocardmm, AV node (triangle of Koch) 
and the interventricular septum from two adult dog hearts 
using the guanidinium isothiocyanate method of Chomczynski 
and Sacchi (12). Ribonucleic acid samples were electropho- 
resed through formaldehyde-agarose gels and transferred to 
nylon membranes 1s described previously (4). Each lane was 
loaded with 10 pg of RNA except for the membrane probed 
with connexin45 in which each lane contained 40 pg of RNA. 
The amount of RNA transferred onto each lane of the nylon 
membranes was determined by visual assessment under ultra- 
violet light of gels and m ranes stained with cthidium 
bron~ide and by subsequent dization of ~e~~r~~~cs l,vith a 
be for 1% ribosomal RNA. W~tbi~ each Northcru blot 
apprOXh?atdy similar amounts of RNA were 
trlrnsfcrred as judged by tbc preceding criteria. 
embrancs containing I’dA from the sinus node region, 
node region, right atrium and ventricular septum were 
dized with phosphorus-32-labeled deovribonucleic acid 
) probes corresponding to bases I to 681 of rat connefin26 
(Is), bases 1 to 813 of rat connaxin3 B DNA (14), bases I to 
of rat connexin32 DNA (15), bases I to l.%i of human 
connexin37 DNA, (16), bases 667 to 1,391 of dog connexin40 
DNA (4), bases 1 to 1,393 of rat connexin43 DNA (17), bases 408 
to 1,101 of dog counexin45 DNA (4). bases 1 to 1,592 of rat 
connexin40 DNA (IN) and bases 267 to 1,589 of mouse con- 
ncsin5O (19). Probes were labeled with phosphorus-32 
using Ml bcxanuclcotidc primers and the Klcnow fragment 
NA @ymcrasc 1. Standard hybrrdization conditions with 
stringent washes wcrc used for all blots (4). Positive Northern blot 
analyses were confmcd in two addithal expcrimcnts by rc- 
pcatcd hybridization of the same DNA probes with RNAs 
isol from tissues of two other canine hearts. 
csnnexin antibodies. ConnexinW was detected with a 
mouse monoclonal immunoglobulin G (IgG) antibody raised 
against amino acids 252 to 270 of rat connexin43 (Chemicon 
‘International Inc). Connexin40 was detected using affinity- 
purified polyclonal rabbit antibodies raised against residues 
316 tcr 329 of dog connexin40. Connexin45 was dctccted using 
affinity-purified rabbit polyclonal antibodies raised :zainst 
residues 285 to 298 of dog conncxir,45. WC (4,5,20) have 
previously dcscribcd the preparation and characterization of 
these monospccific antibodies. In brief, their specificity and 
absence of cross-reactivity wcrc demonstrated by inhibition of 
immunostaining by coincubation of antibodies with their cor- 
responding peptidc immunogcns, by immunoprccipitation ex- 
periments in which the connexin40 and connexin45 antibodies 
(and a connexin43 polyclonal antiserum that was raised against 
a peptide of 20 amino acids, including the 19 use+ for the 
connexin43 monoclonal antibody) precipitated only the rele- 
vant conncxin, and confirmation by electron microscopy that 
these antibodies bind only to gap junctions rather than to other 
membrane structures (4,5,20). 
Tissue ~re~aratian d irnrn~~ohist~he~rn~~cal staining tech- 
nique. Freshly dissected tissue was frozen immediately in liquid 
nitrogen. In three dog hearts, the sinus node with the adjacent 
right atrium and the AV node in the surrounding triangle of Koch 
were cut into l2-pm thick frozen sections. In three additional 
hearts frozen sections were prepared from regions containing the 
proximal left and right bundle branches and distal 
Sections were cut in a plane parallel to the long axes of the cells 
of interest and mounted on gelatin-coated slides. 
Sections were washed in phosphate-l)ufl’ercd saline solution 
and then preincubdtcd for 30 min in blocking buffer composed 
of 3% normal goat serum, 0.4% nonfat dry milk, 2% IgG-free 
bovine serum albumin (Sigma Chemical) and 0.3% T&on 
X-100 in phosphate-buffered saline solution. Sections were 
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incubated overnight with the respective primary antibody diluted 
1:400 in blocking bu!fer. For double-labeling studies, sections 
were incubated overnight with a combination of antibodies 
against connexin43 and either connexin40 or connexin45 in the 
preceding blocking buffer. Nonimmune mouse serum, nonim- 
mune rabbit serum and a mixture of both sera were used as 
@g&e controls After washing in phosphate-buffered saline 
&&II, the single-label sections were incubated with a I:w)o 
dilution of the appropriate rabbit or mouse secondary antibody 
conjugated to CY3 (Jackson Immunorbwarch Laboratories). For 
double-l&l studies, sections were coincubated with a 1:8UO 
dilution of CYSlabeled &-r&bit IgG and a 1:200 dilution of 
fluori?@?in &hiianate-labeled anti-mouse IgG (Boehringer 
Mannheim). Double- and sin&-labeled sections were examined 
by conventional ftuorL%tnce microscopy with liltcr sets appropri- 
ate for the specilic fluomchromcs. 
Nort4etm Mot rnalyse Northern blots of RNA 
prepurcd from the canine sinus node, right atrium, triangle of 
Koch (containing the AV node) and the interventricular 
,septum were hybridized with phosphorus-32 DNA probes that 
specifically recognized messenger RNAs of conncxin phcno- 
types 26,31,32,37,40,43,45,46 and 50. Bands corresponding 
to connexin43, connexin40 and connexin45 messenger RNAs 
were detected in all tissues (Fig. l), indicating that messenger 
RNAs for these connexins were present in some or all of the 
cells in each of these regions. Although precise quantification 
of the relative amounts of messcngcr RNA in different cardiac 
tissues cannot bc made because of the inability to cleanly 
dissect out nodal tissue from surrounding atrial and ventricular 
tissues. some differences were apparent. The probe for cm 
nexin40 hybridized with three bands (453.3 and 2.5 kilobascs 
[kb)) in nodal tissues and two bands (4.5 und 2.5 kb) in atrial 
and ventrieulltr muscle. Multiple eonnexinrli) messenger RNAs 
have also been observed in previous studies of dog myocar- 
r RNAs for all the other tested connexins 
s 26, 31, 32, 37, 46 and 50) were not 
detected in any tissues. Therefore, subsequent immunohisto- 
ckcmical experiments were limited to examining expression of 
on 40.43 and 45. 
twlhenlst~. The results of immunostaining ex- 
periments are summarized in Table 1. Intercellular sites were 
Figure 1. Northern blots ofconnexin (Cx) messenger rihonucleic acids 
(RNAs) in canine sinorrtrial node region (SAN), utrioventricular node 
region (AVN). intervcntricular septum (Vent) iand right atrium (RA). 
Autorudiogruphs were devclop~I after u h-day exposure for con- 
ncxin40, an overnight film exposure for connexin43 und B 3-day film 
exposure for connexin45. For the connexin40 and connexin43 hybrid- 
izations, IO ps of RNA wus loaded in each lane; for the conncxin45 
cxpcrimcnt. 40 fig of RNA wus loudcd in each lane. The right panels 
show the rcsuhs of ~yhridi~~n~ the sitme membranes with a probe for 
1% rihosomul RNA. 
judged visually to have abundant, moderate, scant or absent 
immunostaining with antibodies to connexin40, connexin43 
and connexin45. Similarly, the sizes of gap junctions were deter- 
mined visually to be large, moderate or small. The numbers of gap 
junctions were scored as many, moderate and few. 
Conddot~ p&m. The sinus and AV nodes had the same 
pattern of immunostaining (Fig. 2 and 3). Small, sparse areas 
of immunofluorescence were observed with antibodies to 
connexin40 and connexin4S in a distribution consistent with 
the known distribution of small gap junctions in these tissues. 
No connexin43 immunostaining was observed in either the 
Table 1. Churacteristics of Cuninc Cardiac Gap Junctions Dctermincd hy lmmunohistochemistry 
Gap Junction Structure Connexin Phenotype 
Cardiac Tiwc Size Number 40 43 45 
Sinus node Small Few Scant Absent Scant 
kioWntricu~dr nods and proximili Small Few S-ant Absent Scant 
Hii bundle 
Distal His bundle and proximal Large Moderate Abundant Abundant Moderate 
bundle branches 
Right atrium Large Many Abundant Abundant Moderate 
Ventricle Moderate Many Scant Abundant Moderate 
JACC Vol. 244, No. 4 
ch3ober 19w 11x-32 CONNEXlN PHENOTYPES IN THE CANINE HEART 1127 
Figure 2. lmmunohistochemical delineation of connexin expression i
the canine sinus node. A, Low power view of the sinoatrial node region 
stained with Masson’s trichrome. The sinoatrial node artery is sur- 
rounded by nodal myocytes (arrows) and connective tissue. Atria1 
myocardium (M) is present at the edges of the section. B, Low power 
view of an adjacent section of the sinoatrial node region to A stained 
with anticonnexin43 antibodies. Junctions in atrial muscle (M) above 
and below the node region are prominently stained. The large un- 
stained region in the center of the panel includes the sinoatrial node 
artery, adjacent sinoatrial node myocytes and intervening perivascular 
connective tissue. A group of sinoatrial node myocytes, located 
between the arrows, exhibits no connexin43 immunoreactivity. C, High 
power view of sinoatrial node cells stained with antibodies against 
connexin45. Multiple areas of intense fluorescent signal are seen at 
points of apparent contact between cells (some shown by arrows). The 
less intense fluorescence in other areas of the tissue is due in part to 
staining of junctional material out of the plane of focus in this high 
sinus or the AV node. Connexin43 was detected in only a few 
isolated atria1 myocytes in the sinus node and some atrial 
myocytes that infiltrated the edges of the AV node. Thus, the 
power micrograph of a 12qm thick section. D, High power view of 
part of the sinoatrial node stained with Masson’s trichrome. A strand 
of sinoatrial node cells is present in the center of the image surrounded 
by abundant connective tissue. E and F, Double-labeled preparation of 
a strand of sinoatrial node cells adjacent to the node artery taken from 
an adjacent section to that shown in panel D. Junctions are clearly 
stained with antibodies against connexin40 (E) but when viewed under 
conditions to visualize connexin43 immunorcactivity (F), only back- 
ground level signal is seen. The unstained regions above and below the 
strand of sinoatrial node myocytes shown in D and corresponding to
the regions of low intensity fluorescence in E contain adjacent connec- 
tive tissue. The connexinU-stained preparation (E) was deliberately 
overexposed to document the absence of connexin43 immunorcactivity 
in the sinoatrial node myocytes. The region occupied by the node cells 
(asterisks) shows no staining. Original magnification X80 (A), X 100 
(B), X500 (C to F); all reduced by 25%. 
relatively weak connexin43 signals ob erved in Northern blots 
of RNA extracted from thv: sinoatrial and AV node regions 
were undoubtedly attributable to nonnodal cells unavoidably 
included in these samples. The gap junctions in the sinus and 
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AV nodes were smaller and stained less intensely for connexins 
than those in the surrounding atrial and ventricular tissue. 
In the proximal bundle of His, as in the nodal tissues, 
intercellular areas of immunostaining also wcrc small and 
reacted specitically with antibodies to conncxin40 and con- 
nexin45 but weakly or not at all to conncxin4.l. The pattern of 
immunostaining and the size of the gap junctions chengcd in 
the distal His bundle to bccomc tho same as those in the 
bundle branches (Fig. 4). These gap junctions wcrc large and 
stained intensely with antibodies to conncxin40 and con- 
mxin43 and to a lesser degree conncxin45. 
plttial and vtmitxrlar nyocadilrtn. Antibodies to con- 
nexin43, connexin40 and cwnnexin45 bound to intercellular 
membranes in a pattern consistent with the distribution of gap 
junctions between right atrial myocytes and between ventricu- 
lar myocytes (Fig. 4 and 5). Connexin40 staining was promi- 
nent in right atrial gap junctions but considerably less intense 
in ventricular muscle junctions. There was no apparent differ- 
ence in the intensity of connexin43 or connexin45 staining in 
ventricular and atrial muscle gap junctions. 
iscussion 
The results of this study demonstrate that gap junctions in 
the canine sinus and AV nodes and the proximal bundle of His 
contain connexin40 and connexin45 but not connexin43. These 
are the only known cardiac tissues that lack connexin43. In 
contrast to the nodal tissues, most gap junctions in other 
cardiac tissues contain connexin40, connexin43 and con- 
nexin45. However, the relative amounts of these connexins 
Figure 3. Alriovcntriculur (AV) ncrdc. A, Section o,f the AV node 
rcgicm staincd with Mnsson’s trichromc. ‘i‘hc smilll nodal cells (AVN) 
nrc: scpurutd from the ndjnccnt vcntriculur myocardium (M) hy the 
tricuspid unnulus. B nnd C, Section of the AV node region ndjuccnt o 
A douhlc-l;~bclcd with antihodics agitinsl conncxin4O (B) and con- 
ncxin43 (C). Roth the nodal cdls and the udjnccnt myocnrdium (M) 
stnin with nnticonncxin40 nntibodios. but conncxin43 staining is sc’cn 
Only in lhc ill.tjilCCnt nlywudiurn. I) ;knil E. Satin rlt AV nude icgion 
alililld with ill~llWlllltZiil~-l~ (I)) d .~llllcr~llll~\ll~~.~ (E) .Illlll~~dICh. 
Junclions in both ths IIOJC ;IIKI the dj;l~~nt nly~~ciudium SIMW 
conncxin45 immunorcactivity, hut only the myocirrdium stains for 
cunncxin43. The unsbinec;l regions seen in the center of B and 1) 
reprcscnt colliigcncnous connectivu tissue scpdrating nodal tissue from 
the adjacent myocardium. Original magnification X150 (A), Xl00 
(B to D); all reduced by 25%. 
vary considerably in different areas of the heart with different 
conduction properties. 
We have found no previous tudies that delineate the multiple 
connexin phenotypes of the mammalian cardiac conduction sys- 
tem and myocardium. However, some data (6-11.15-17,26-29) 
have been published on the presence of RNA coding for different 
connexins in the ventricles and on the distribution of connexin43 
determined by immunostaining in some parts of the heart. Most 
of these studies are supportive of our findings. 
Connexin messenger RNA in cardiac tissues. In the cur- 
rent study, only messenger RNAs coding for connexin40, 
connexin43 and connexin45 were detected. All these messen- 
ger RNAs were present in each of the examined tissues. 
However samples from nodal tissues were clearly contami- 
nated by adjacent nonnodal myocardium, preventing any direct 
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Figure 4. tmmunohistochemical delineation of conncxin cxprcssion in 
the proximal bundle branches. A, Section of the proximal left bundle 
and adjacent crest of the ventricular septum (M) stained with Masson’s 
trichromc. Band C, Adjacent section to A near the crest of the ventricular 
septum including the proximal left bundle and adjacent ventricular muscle 
(M) double-labeled with anticonnexin43 and anticonnexin4U antibodies. 
The location of the connective tissue septum separating the conduction 
bundle from the ventricular muscle is indicated by the arrnws. The large 
junctions of the bundle stain prominently for both connexin43 (8) and 
connexin40 (C). In contrast, the ventricular muscle exhibits abundant 
connexin43 immunoreactivity (5) but much less apparent connexin4U 
staining (C). D and E, Section of the proximal left bundle and adjacent 
ventricular muscle (M) double-labeled with connexin43 and connexin45 
antibodies. The fibrous tissue between the bundle and the ventricular 
muscle is shown by arrows. Both the bundle and the ventricular muscle 
stain for connexin43 (D) and connexin45 (E). Original magnification 
x 175 (A to E); all reduced by 25%. 
comparison of the relative amounts of messenger RNA and 
protein in these tissues. This same problem also probably 
explains why significant amounts of messenger RNA coding for 
connexin43 were detected in RNA derived from the nodal 
regions even though connexin43 protein could not be detected 
at these sites. These findings are in keeping with our previous 
tindings (621) of mRNAs coding for connexin40, connexin43 
and connexin45 in canine and human left ventricles. Others 
have also reported the presence of RNA coding for connexin43 
in rat, mouse and bovine ventricles but have not assayed forthe 
presence of connexin40 and connexin45 (2223). Although we 
surveyed the heart with probes for the majority of the known 
connexins, it is possible that low levels of some of these or of 
other so far undiscovered proteins that form intercellular 
channels also may contribute to intercellular conduction in the 
dog heart. Because some of the probes were produced from 
rodent, human or bovine DNA sequences, it is possible that 
the canine homologs went undetected. However, in view of the 
high degree of connexin sequence homology in mammals, this 
possibility seems unlikely. We (16) have previously detected 
low levels of RNA coding for connexin37 in mouse ventricle, 
and Paul (15) has reported the presence of small amounts of 
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connexinrlt messenger RNA in rat ventricle. Gourdie et al. 
(10) have detected material immunoreactive with an anti- 
MP7O antibody inrat cardiac valve tissues (although White et 
al. [ 19) did not detect messenger RNA for connexin50, which 
may encode MWO in mouse heart). However, RNA coding for 
these connexins was not detected in a y of the samples taken 
from the do8 heart. In addition, we did not examine con- 
nexin.30.3, connexin3i.l and connexin33. So far these connex- 
ins have been detected only in skin and testes (24,25). 
for eonnexin40 hybridized with multiple RNA 
It we have observed in previous tudies (4). 
t hybridization conditions used, the 
nds are likely to be closely related 
mes~nger RNA species, perhaps alternately processed con- 
n&n40 messenger RNAs. However, multiple splice forms of 
r RNAs coding for connexin40 or any other connexin 
have not been described. Further studies will be required to 
determine whether this explanation is correct or whether the 
multiple bands represent cross-hybridization withRNAs of 
other &sely related proteins. 
Connexin phenotypes of gap junctions in the cardiac 
cowluctioa system. Previous immunostaining studies have 
produced conflicting descriptions of the distribution con- 
nexin43 in the cardiac conduction system. As in our study in 
the canine heart, Van Kempen el al. (11) did not detect 
connexin43 in the gap junctions ofthe rat and mouse sinus and 
AV nodes. Gosrhoek et al. (8,9) have made similar observa- 
tions in the nodal tissues of human, rat and bovine hearts. 
In contrast to these results, Gourdie t al. (10) and Anu- 
monwo et al. (7) detected connexin43 in the rat AV node and 
Figure 5. Sections of right utrium showing prominent staining of 
junctions in prepantions double lab&d with anticonncxin43 (A) and 
anticonnexin45 (B) antibodies and anticonnexin43 (C) and anticon- 
ncxin40 (D) antibodies. Original magnilic;ltion X500 (A to D); all 
reduced by 25%. 
the rabbit sinus node, respectively. Differences in antibody 
specificities and immunostaining methods may explain some of 
these conflicting results. The use of confocal microscopy b  
Gourdie t al. (10) may have enhanced detection ofweakly 
staining ap junctions by reducing background artifact. How- 
ever, we were unable to detect connexin43 in the nodal tissues 
even when the preparations were viewed with confocal micro- 
scopy. lnterspecies variability in connexin expression may also 
account for the differences in staining patterns found between 
the rabbit and canine sinus nodes and may explain the absence 
of connexin43 in the rat His and proximal bundles reported by 
Gourdie t al. (10) and the presence of connexin43 in these 
tissues in the canine heart in our study. 
Connexin phenotypes in the right atrium and ventricle. 
Our study demonstrates hat canine right atrial gap junctions 
contain mainly connexin40 and connexin43 and a lesser 
amount of connexin45, whereas ventricular gap junctions are 
composed predominantly of connexin43 and connexin45. 
These results confirm our previous observations (6)about he 
composition f the gap junctions in the canine ventricle. In
contrast to our results, Bruzzone et al. (26) did not detect 
connexin40 immunostaining i  rat ventricular myocytes. These 
disparate r sults may be due to technical differences in tissue 
handling, the affinities and specificities of the different anti- 
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odies for counexju4~ and the reagents used for immu~osta~~l- 
ere 8s little controversy a 
ventricular gap junctions. Abundant con- 
s shown in the rat heart by Van Kempen et 
ar gap junctions of the dog heart by Dolber 
ntricular junctions of the mouse 
Peters et al. (29) observed 
connexin43 staining in the human ventricle. 
biologic adv s of hav- 
notypes in d t parts of 
n system arc not known. ough our 
ata allow only qualitative corn~~r~s~~us with the fiiflctio~ia~ 
ata of others, some potential reasons for the diversity of 
connexiu phenotypes in the heart are ap 
different counexins form chauuels with di~ere 
vo~t~lge s nsitivities and ion permcabilitics, changes in the 
conncxin p~lc~~olyl~~s of ti sue may influence intercellular 
resistance, conducti velocity and clcctrotonic i~itcr~~ct~~~ns 
is concept is supported hy the highly 
variable distribution f connexins in cardiac tissues having 
gic characteristics. Connexin40 forms 
channels with la nitmy conductances than connexin4.3 
(3,31,32). Therefore, we had speculated previously that the 
expression of large amounts of connexin40 might contribute to 
the more rapid conduction in Purkinje fibers. However, our 
current data present he puzzling results that connexin4O is
most abundant both in the most rapidly conducting and in 
slowly conducting regions of the heart (6). 
Perhaps this apparent paradox is explained by di 
regulation of connexin40 indifferent cardiac tissues. Although 
there are no data to prove this hypothesis about conncxin40, 
Takens Kwak and Jongsma (33) recently demonstrated that 
phosphorylating treatments produced three different single- 
channel conductances in neonatal rat cardiac myocytes. 
Moreno et al. (34) suggested that differential phosphorylation 
produced ifferent unitary conductances in cornexin43 trans- 
fected cells. Furthermore, variations in connexin expression 
are not the only determinant of intercellular resistance. Inter- 
cellular resistance and conduction velocity are determined by 
the total number and type of connexins, the regulation of the 
opening and closing states of intercellular channels, the size 
and spatial rrangement of gap junctions between cells, the 
size and shape of adjoining cells as well as the active membrane 
properties of cells. Many of these structural and molecular 
features differ substantially in different parts of the cardiac 
conduction system. For example, gap junctions in the sinus 
node are smaller and occupy a smaller proportion of the cell 
membrane than do those in the surrounding atria (3536). 
Anumonwo et al. (7) and Lorente et al. (37) have identified 
different membrane resistances of cells in the sinus nodes 
(1.1 Ga) and ventricle (28 Ma). 
Differences in connexin phenotypes may also be important 
in differential regulation of intercellular exchange of small 
molecules that control differentiation. Although the ontogeny 
of the conduction system is incompletely understood, there is 
some evidence to suggest t nodal tissues and the proximal 
a common ~rogeaitor separate 
tricles (38). Accordingly, it is uot 
surprising that nodal tissues have a unique connexin phenotype 
distinct from that of atrial and ventricular myocardium. Nev- 
ertheless, additional studies on the number, size and spatial 
arrangement of gap junctions in each area of the conduction 
system and on the effects of altering the connexin phenotypes 
on cardiac development and function will be required before 
definite conclusions on the functional significance of specific 
connexin phenotypes can be reached. 
Cu~c~~s~uus. Most cardiac gap junctions are formed by 
col~uexin4~, connexin43 and connexin45. The relative amounts 
of each of the these connexins vary in different cardiac regions 
with different conduction properties. In contrast to contractile 
myocardium, junctions in t&e canine sinus and AV nodes are 
formed by conncxin40 and conaexin45 and do not appear to 
con& connexin43. 
We thank Dana Abendbchcin, PhD and Pam Lund&, LAT for supplying the 
canine tissue. 
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